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Abstract: We propose, fabricate and characterize the freestanding GaN 
nanocolumn membrane with bottom subwavelength nanostructures. The 
GaN nanocolumns are epitaxially grown on freestanding nanostructured 
silicon substrate that is achieved by a combination of self-assemble 
technique and silicon-on-insulator (SOI) technology. Optical reflection is 
greatly suppressed in the visible range due to the graded refractive index 
effect of subwavelength nanostructures. The freestanding GaN nanocolumn 
membrane is realized by removing silicon substrate from the backside, 
eliminating the silicon absorption of the emitted light and leading to a strong 
blue emission from the bottom side. The obtained structures also 
demonstrate the potential application for anti-reflective (AR) coating and 
GaN-Si hybrid microelectromechanical system (MEMS). 
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1. Introduction 
GaN-based materials are of great interest for their light emission application because the 
emission wavelength can cover over a broad range by tuning the indium or aluminum content 
[1–5]. The overall efficiency of GaN light emitting diodes (LEDs) is determined by the 
internal quantum efficiency and the light extraction efficiency. Chung et al. overcame the 
challenge of the realization of current-junction nanodevices and demonstrated high brightness 
GaN LEDs using the GaN nanorod arrays due to their high quantum efficiency [6]. Lee et al. 
also presented the GaN LEDs with two-dimensional nanorod arrays on sapphire substrate [7]. 
In order to improve the light extraction efficiency, Jung et al. introduced the GaN LEDs 
grown on nanopatterned AlN template [8]. They revealed the notable increase of the bottom 
side emission due to the graded refractive index effect of the nanopatterned AlN. Kim et al. 
also reported the GaN LEDs with bottom photonic crystal where sapphire is substrate of 
choice [9]. However, sapphire substrate is still expensive for general lighting application and 
difficult to manufacture. 
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Recently, the fabrication of GaN-on-silicon light emission devices and the hybrid 
integration of GaN light source with silicon microelectromechnical system (MEMS) have 
been made possible due to the advances in the deposition of GaN-based films on silicon 
substrate and the mature silicon manufacturing [10–14]. The GaN nanocolumns can be 
epitaxially grown on silicon substrate [15–18], and Kikuchi et al. realized the GaN 
nanocolumn LEDs on silicon substrate [19,20]. Sameshima et al. presented a freestanding 
GaN/HfO2 membrane for GaN-Si hybrid MEMS [21]. It’s promising to maintain motivation 
to conduct fundamental studies as well as applied research on novel GaN-based devices using 
GaN-on-silicon system. 
Here, we propose and experimentally realize a freestanding GaN nanocolumn membrane 
with bottom subwavelength nanostructures. The GaN nanocolumns are epitaxially grown on 
freestanding nanostructured silicon substrate by a combination of self-assemble technique and 
silicon-on-insulator (SOI) technology. The silicon substrate is subsequently removed to 
generate the freestanding GaN nanocolumn membrane, eliminating silicon absorption and 
leading to a strong blue emission from the bottom side. The obtained structures also 
demonstrate the promising application for anti-reflective (AR) coating in the visible range and 
GaN-Si hybrid MEMS. 
2. Device fabrication 
(a) (b) (c)
(d)
(e)(f)(g)
Self-assemble
FAB etching
DRIE BHF
MBE
SiO2Silicon Photoresist GaN
BHF
 
Fig. 1. Schematic fabrication process of the freestanding GaN nanocolumn membrane with 
bottom subwavelength nanostructures. 
Figure 1 schematically illustrates the fabrication process of the freestanding GaN 
nanocolumn membrane with bottom subwavelength nanostructures. The starting 2cm × 2cm 
n-type (100) SOI substrate consists of 10µm silicon top layer, 1µm buried oxide layer and 
200µm silicon substrate. The silicon substrate was first patterned from the backside by 
photolithography (steps a). The silicon substrate was then etched down to the buried oxide 
layer using deep reactive ion etching (D-RIE), where the buried oxide layer acted as an 
etching stop layer (steps b). After removing the residual photoresist, the buried oxide layer 
was removed by buffered hydrofluoric acid (BHF) etching (steps c). Subsequently, 170nm-
diameter silica nanospheres were spin-coated onto the silicon top surface, which made silica 
nanospheres self-assemble into a close-packed monolayer. The prepared template was then 
kept in an oven at 90°C for 10min and 145°C for 30min, respectively, evaporating the solvent 
(steps d). The subwavelength nanostructure patterns were transferred into the silicon top layer 
by fast atom beam (FAB) etching where silica nanospheres served as an etching mask. FAB 
etching was conducted with the SF6 flow of 5.6sccm at the high voltage of 2.0KV and the 
accelerated current of 20mA. The residual silica particles were removed by BHF etching to 
generate subwavelength nanostructures on the silicon top layer (steps e). The InGaN/GaN 
multiple quantum wells (MQWs) active layers were deposited on the prepared SOI template 
by molecular beam epitaxy (MBE) with radio frequency nitrogen plasma as gas source. The 
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resultant GaN nanocolumn structure incorporated 200nm low-temperature buffer-layer, 
300nm high-temperature GaN layer, six pair 3nm InGaN/9nm GaN MQWs layer and 10nm 
GaN top-layer (steps f). Finally, the freestanding silicon membrane was removed by RIE of 
silicon from the backside, which made the GaN nanocolumn membrane totally suspend in 
space (steps g). 
3. Experimental results and discussion 
 
Fig. 2. (a) and (b) the 30°tilt-view SEM images of the close-packed monolayer of silica 
nanospheres; (c) and (d) the tilt-view SEM images of fabricated subwavelength silicon 
nanostructure; (e) three-dimensional surface profile of freestanding silicon slab; (f) photograph 
of silicon substrate and the freestanding GaN nanocolumn membrane. 
Figures 2(a) and 2(b) show the 30°tilt-view scanning electron microscope (SEM) images 
of silica nanospheres that form a close-packed monolayer on the silicon top layer and display 
short-range order. In association with FAB etching, subwavelength nanostructures are 
transferred into the silicon top layer, as illustrated in Figs. 2(c) and 2(d). FAB etching is a 
neutral dry etching technique and has good directionality [22]. Hence, silica nanospheres are 
etched and the lateral dimensions of silica nanospheres shrink during FAB etching. The 
fabricated subwavelength silicon nanostructures are thus gradually tapered. The depths of the 
resultant silicon nanostructures are about 170nm which can be controlled by FAB etching 
time. The residual silica particles can be removed by subsequent BHF etching. Figure 2(e) 
illustrates the three-dimensional surface profiles of the freestanding silicon membrane 
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measured by an optical interferometer. The surface deflection from the silicon substrate side is 
slightly downward due to the residual stress, and the peak-to-valley (PV) value is measured at 
~0.299µm for 1200µm-diameter silicon membrane. Figure 2(f) shows the photograph of two 
resultant samples for comparison. The right sample is the silicon substrate with 
subwavelength nanostructures. In order to eliminate the variation in device properties from 
wafer to wafer, the sample is partially protected during FAB etching, and subwavelength 
silicon nanostructures are well realized in the large device area. The left sample is the 
freestanding GaN nanocolumn membrane with bottom subwavelength nanostructure, where 
the silicon substrate is removed by RIE from the backside. 31 out of 42 samples are 
successfully achieved now, and the yield can be further improved by optimizing RIE of 
silicon from the backside that is the core process for fabricating the freestanding GaN 
nanocolumn membrane with large area. 
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Fig. 3. (a) Measured reflectivity of subwavelength silicon nanostructures on silicon substrate; 
(b) measured reflectivity of subwavelength silicon nanostructures on SOI substrate. 
Subwavelength silicon nanostructures that are the tapered column profiles can function as 
AR coating in the visible range due to the graded refractive index effect [23–27]. As shown in 
the inset of Fig. 3(a), the reflectivity is significantly reduced in the visible range. Especially, 
the reflectivity is below ~1% over the range of 578-678nm. The rotation speed during the 
spin-coating step of silica nanospheres and FAB etching time are the two core parameters to 
control the fabricated subwavelength silicon nanostructures which will be discussed elsewhere 
[28]. Although the freestanding silicon membrane has a slight deflection, subwavelength 
nanostructures are well obtained in the prepared SOI template. In the visible range, the 
reflectivity is also greatly reduced by the graded refractive index effect of the subwavelength 
nanostructures, as illustrated in Fig. 3(b). The interference fringes for SOI substrate are 
attributed to the multiple reflections of visible light at the silicon/air and the silion/the buried 
oxide interfaces, and the interference fringes for the freestanding silicon membrane is caused 
by the multiple reflections at the silicon/air interfaces. These results experimentally 
demonstrate that subwavelength silicon nanostructure can effectively serve as graded index 
AR coating in the visible range. 
Figure 4(a) shows SEM image of the freestanding GaN slab obtained from the silicon 
substrate side. The diameter of the freestanding GaN nanocolumn membrane is 1200µm. The 
silicon substrate is etched from the backside to make the GaN nanocolumn membrane totally 
suspend in space. Figures 4(b) and 4(c) show the 30°tilt-view SEM images of the freestanding 
GaN nanocolum membrane from the top side. The freestanding GaN nanocolumns are well 
achieved, and their diameters are less than 100nm. The bottom surfaces of the freestanding 
GaN nanocolumn membrane are characterized in Figs. 4(d)-(f). Regarding the GaN 
nanocolumns grown on nanostructured silicon substrate, subwavelength GaN nanostructures 
are clearly observed as shown in Figs. 4(d) and 4(e). It can be attributed to (1) nanostructured 
silicon template and (2) surface modification caused by RIE of silicon. Figure 4(f) illustrates 
the bottom GaN surface where the GaN nanocolumns are grown on the flat silicon substrate. 
The surface is slightly roughened which is caused by the surface modification during RIE of 
silicon. 
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Fig. 4. (a) Sample of the freestanding GaN nanocolumn membrane obtained from silicon 
substrate side; (b) and (c) the 30°tilt-view SEM images of the freestanding GaN nanocolumns 
obtained from the top side; (d) and (e) the tilt-view SEM images of the bottom surface of the 
subwavelength GaN nanostructures; (f) the bottom surface of the GaN nanocolumns grown on 
the flat silicon substrate. 
The semiconductor nanocolumns can also suppress optical reflection over a broad 
wavelength range [29–31]. Figure 5(a) shows the measured reflectivity of the GaN 
nanocolumn slab where the flat silicon substrate is kept. Compared with that of Fig. 3(b), the 
reflectivity is greatly reduced due to the introduction of the GaN nanocolumns, revealing that 
the GaN nanocolumns can effectively serve as AR coating to decrease optical reflection. 
However, the refractive index changes immediately at the GaN/flat silicon interface, leading 
to the reflection of light. Hence, the interference fringes are clearly observed in the reflectance 
spectra which come from the multiple reflections at the different medium interferences [32]. 
Figure 5(b) illustrates the measured reflectivity of the GaN nanocolumn slab where the silicon 
substrate is subwavelength nanostructured and originated from that of Fig. 3(b). In this case, 
subwavelength nanostructures provide a graded refractive index step at the 
GaN/nanostructured silicon interface, hence, the reflection is reduced over a broad wavelength 
range and the interference characteristics are also suppressed. Especially, the reflectivity is 
below ~2% over the wavelength range of 500-750nm. 
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Fig. 5. (a) Measured reflectivity of the GaN nanocolumn slab grown on the flat silicon 
substrate; (b) measured reflectivity of the GaN nanocolumn slab grown on nanostructured 
silicon substrate. 
The photoluminescence (PL) measurements are performed at room temperature using a 
325nm He-Cd laser source. The pump laser beam is focused onto the GaN slab through a UV-
compatible objective lens (numerical aperture: 0.36), and the emitted light is collected by the 
same objective lens and measured using a multichannel Hamamatsu analyzer system. Figure 
6(a) shows the PL spectra of the GaN nanocolumn slabs grown on the flat silicon substrate. 
Regarding the non-freestanding GaN slab, the PL peaks at ~365nm and ~520nm are attributed 
to the excitation of the top GaN crystal and the InGaN/GaN MQWs active layers, 
respectively. A clear enhancement in PL intensity is observed because silicon absorption of 
the emitted light is eliminated for the freestanding GaN nanocolumn slab, and the broad PL 
peak for the excitation of the InGaN/GaN MQWs is measured at ~526nm. The emission peak 
of the GaN crystal disappears when the laser beam is pumped onto the freestanding GaN 
nanocolumn slab from the bottom surface. Compared with the capping GaN layer, the buffer 
layer that is necessary for the growth of GaN nanocolumns has lower effective refractive 
index. Hence, more light can escape in air from the bottom side. The GaN nanocolumns 
produce a strong blue emission peak at ~471nm with a full-width at half-maximum (FWHM) 
of about 75nm, which is associated with the InGaN/GaN MQWs. The enhancements of the 
integrated intensity and the peak intensity that are normalized to those of the non-freestanding 
GaN nanocolumn slab are about 1.6 times and 3 times, respectively. As to the GaN 
nanocolumn slab grown on nanostructured silicon substrate, the emission peak of the top GaN 
crystal is almost the same, while a blue shift is observed for the excitation of the InGaN/GaN 
MQWs, as shown in Fig. 6(b). The blue shift can be attributed to the occurrence of strain 
relaxation by growing GaN nanocolumns on nanostructured silicon substrate [33,34]. The 
broad PL peaks are measured at ~466nm for the non-freestanding GaN slab and ~482nm for 
the freestanding GaN slab, respectively. A 10.8-fold enhancement in PL peak intensity is 
measured from the bottom side. The emission peak of the InGaN/GaN MQWs is observed at 
~437nm with a FWHM of about 81nm, and the enhancement of the integrated intensity is 
increased by about 5.1 times. 
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Fig. 6. (a) The PL spectra of the GaN nanocolumn slab grown on the flat silicon substrate; (b) 
the PL spectra of the GaN nanocolumn slab grown on nanostructured silicon substrate. 
4. Conclusions 
In conclusion, the freestanding GaN nanocolumn membrane with bottom subwavelength 
nanostructures is successfully realized by a combination of self-assemble technique, FAB 
etching, silicon processing and MBE growth. Some interesting results are experimentally 
demonstrated: (1) subwavelength silicon nanostructures can act as AR coating in the visible 
range due to the graded refractive index effect, (2) the GaN nanocolumns can effectively 
decrease the reflection losses over a broad wavelength range, and (3) the PL intensity is 
improved since the silicon absorption is eliminated and a strong blue emission is observed 
from the bottom side. This work also opens up promising opportunities for producing novel 
subwavelength AR coating in the visible range as well as GaN-Si hybrid devices using GaN-
on-Si technology. 
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